Previous evidence from in vitro studies suggests specific roles for a subset of miRNAs, including miR-21, miR-23a, miR-145, miR-503, miR-224, miR-383, miR-378, miR-132, and miR-212, in regulating ovarian follicle development. The objective of this study was to determine changes in the levels of these miRNAs in relation to follicle selection, maturation, and ovulation in the monovular equine ovary. In Experiment 1, follicular fluid was aspirated during ovulatory cycles from the dominant (DO) and largest subordinate (S) follicles of an ovulatory wave and the dominant (DA) follicle of a mid-cycle anovulatory wave (nZ6 mares). Follicular fluid levels of progesterone and estradiol were lower (P!0.01) in S follicles than in DO follicles, whereas mean levels of IGF1 were lower (P!0.01) in S and DA follicles than in DO follicles. Relative to DO and DA follicles, S follicles had higher (P%0.01) follicular fluid levels of miR-145 and miR-378. In Experiment 2, follicular fluid and granulosa cells were aspirated from dominant follicles before (DO) and 24 h after (L) administration of an ovulatory dose of hCG (nZ5 mares/group). Relative to DO follicles, L follicles had higher follicular fluid levels of progesterone (PZ0.05) and lower granulosa cell levels of CYP19A1 and LHCGR (P!0.005). Levels of miR-21, miR-132, miR-212, and miR-224 were increased (P!0.05) in L follicles; this was associated with reduced expression of the putative miRNA targets, PTEN, RASA1, and SMAD4. These novel results may indicate a physiological involvement of miR-21, miR-145, miR-224, miR-378, miR-132, and miR-212 in the regulation of cell survival, steroidogenesis, and differentiation during follicle selection and ovulation in the monovular ovary.
Introduction
Posttranscriptional gene regulation by microRNAs (miRNAs) plays a key generic role during tissue development and differentiation (reviewed in Sayed & Abdellatif (2011) ). Currently, more than 2000 different mature miRNAs are registered in humans (MiRBase 19.0), with relatively lower numbers identified in other species (360 miRNAs in the horse). Given the highly dynamic nature of the adult ovary, it is not surprising that several hundred miRNA sequences have been identified in this organ in different species (Mishima et al. 2008 , Hossain et al. 2009 , McBride et al. 2012 . Furthermore, the expression of a subset of miRNAs has been shown to vary during follicle/luteal development (Fiedler et al. 2008 , McBride et al. 2012 ). Yet, compared with other body tissues, very little is known about the physiological roles of miRNAs during follicular development. Effects on granulosa cell function and/or gene expression, largely in mice, have been reported for a handful of miRNAs (Carletti et al. 2010 , Lei et al. 2010 , Yao et al. 2010 , Xu et al. 2011 , Yan et al. 2012 , Yang et al. 2012 , Yin et al. 2012 , and these include effects on cell survival (miR-21 and miR-23a), proliferation (miR-145, miR-503, and miR-224) , estradiol production (miR-224, miR-383, and miR-378) , and terminal differentiation (miR-132 and miR-212) of cultured cells (reviewed in Donadeu et al. (2012) ). In contrast, an involvement in folliculogenesis in vivo has only been shown for one miRNA; specifically, Carletti et al. (2010) showed that miR-21 acted as a prosurvival factor in murine granulosa cells during hCGinduced ovulation. Importantly, considering differences in ovarian physiology between species, it is not known whether the roles of follicular miRNAs in rodent models are conserved in monovular species such as humans and horses. In that regard, the mare provides a unique model for studying follicular physiology in the monovular ovary due to i) the large size and easy experimental accessibility of ovarian follicles, which allow specific stages of follicle development to be precisely monitored in vivo to an extent which is not feasible in other species (Donadeu & Ginther 2002a , 2002b , and ii) the reported similarities in follicular dynamics between horses and humans (Ginther et al. 2004 , 2005 , Carnevale 2008 . In a recent quantitative PCR (qPCR) screen, very similar miRNA populations were found in antral fluid and granulosa cell compartments of equine follicles (da Silveira et al. 2012) , suggesting that antral fluid samples may be useful to monitor follicular miRNA status.
The objective of this study was to determine changes in the levels of miRNAs occuring during follicular development in the monovular ovary. The study focused on a subset of miRNAs for which a functional role in regulating follicular cells has been proposed, mostly in mice, namely, miR-21, miR-23a, miR-145, miR-503, miR-224, miR-383 miR-378, miR-132, and miR-212 (see above) . This was done by determining the changes in the levels of miRNAs in individual follicles at well-defined developmental stages encompassing follicular selection, maturation, and ovulation in mares. The overall hypothesis was that the physiological changes in miRNA levels across follicle stages would be in each case consistent with follicular roles proposed in the earlier in vitro studies.
Materials and methods

Experimental animals and general procedures
Welsh cross pony mares, 3-14 years of age, with body weights between 250 and 425 kg and a history of good reproductive health, were kept under natural light with access to grass and haylage, water, and to mineral salts ad libitium. Two experiments were carried out during the natural breeding season (May to October) in the northern hemisphere (558N, Edinburgh, UK) under the UK Home Office Animals (Scientific Procedures) Act 1986 with approval by the Ethical Review Committee, University of Edinburgh.
Ovaries were monitored by trans-rectal ultrasonography using a 7.5 MHz transducer on a DP-6600 Vet Digital Ultrasonic Diagnostic Imaging System (BCF Technology, Livingston, UK). Follicle diameters were determined by measuring follicle size in two perpendicular planes and taking the average of length and width as the actual diameter. Ovulation was established by the disappearance of a preovulatory follicle and the presence of an echoic corpus luteum.
Follicular aspiration was performed by trans-vaginal ultrasound-guided follicle puncture using a 17 gauge, 55 cm long ovum pickup needle (Popper & Sons, Inc., New Hyde Park, NY, USA) and an Aloka 500V ultrasound scanner (BCF Technology, Rochester, MN, USA) equipped with a 5 mHz curved array transducer, as described in Doyle et al. (2008) . Antral fluid was completely aspirated from each follicle and aspirates were centrifuged at 700 g for 10 min to separate granulosa cell pellets from fluid supernatant. Follicular fluid was stored at K20 8C until analyses. Cell pellets were re-suspended with 1 ml red blood cell lysis buffer (10 mM KHCO 3 , 150 mM NH 4 Cl, and 0.1 mM EDTA, pH 8.0) for 1 min to remove residual blood contamination and then stored in 500 ml RNABee (AMS Biotechnology, Abingdon, UK) at K80 8C. Pellets that were grossly contaminated with blood were discarded.
Experiment 1
Samples were collected during the course of an earlier study (Schauer et al. 2013) . Follicles and corpora lutea were monitored daily by ultrasonography beginning 8 days after ovulation in each of six mares; this was done to identify naturally occurring ovulatory and anovulatory waves developing during the follicular phase and the luteal phase, respectively, of an estrous cycle. In each mare, the dominant and largest subordinate follicles of an ovulatory wave were aspirated once the dominant follicle reached a preovulatory diameter of O32 mm. In addition, an anovulatory wave was identified by the presence of one or more actively growing O29 mm follicles (Donadeu & Pedersen 2008 ) during midcycle (days 9-12 after ovulation) and the largest follicle was aspirated. Follicular aspirates were in all cases processed for later analyses as described earlier.
Experiment 2
Six mares were assigned to each of the two experimental groups using a randomized crossover design so that each mare was assigned to each group once. Each mare was allowed one full ovulatory cycle between the two experimental periods. Beginning 15 days after ovulation, follicle growth was monitored daily. When the largest follicle of a natural ovulatory wave reached a diameter O32 mm, the follicle was either aspirated or an ovulatory dose of hCG was administered (3000 UI i.v.) and the follicle aspirated 24 h later. Most mares with a preovulatory follicle typically ovulate between 36 and 48 h following administration of hCG (Gastal et al. 2006) . Follicle aspirates were processed as described earlier.
During both experiments, after each follicular aspiration ovaries continued to be monitored regularly to ensure that mares continued to ovulate normally. This was done to prevent mares entering seasonal anestrus from being included in the study.
ELISA and RIA analyses
Commercial ELISA kits were used to determine concentrations of estradiol (DRG Instruments GmbH, Marburg, Germany), PGE 2 (GE Healthcare, Little Chalfont, UK), and IGF1 (Diagnostic Systems Laboratories, Inc., Webster, TX, USA), as described in Schauer et al. (2013) . Intra-assay coefficients of variation (CV) were 9.8, 7.9, and 9.9% and assay sensitivities were 5.2, 40, and 15 pg/ml respectively. Progesterone levels in follicular fluid were measured with a Coat-a-Count RIA kit (Siemens Healthcare Diagnostics, Inc. Tarrytown, NY, USA), as described. Intra-assay CV was 4.3% and assay sensitivity was 0.01 ng/ml. All assays were validated in our laboratory by showing parallelism between serial sample dilutions and the provided assay standard curve. Sensitivity was in all cases calculated by subtracting two S.D. from the mean optical density or counts per minute value at maximum percentage binding.
Gene expression analyses
Total RNA was extracted from granulosa cell pellets using RNA-Bee reagent according to manufacturer's instructions and was quantified using a ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Follicular fluid samples were spun at 10 000 g for 10 min at 4 8C to remove cell debris and 200 ml supernatant were placed in Qiazol buffer (Qiagen) containing MS2 carrier RNA (Roche Diagnostics Ltd.). Each sample was then spiked with the exogenous miRNA, cel-mir-39 (final concentration, 2.5!10 K5 pM), and total RNA was extracted using the miRNeasy mini kit (Qiagen) as per manufacturer's instructions.
Quantification of mRNA levels in granulosa cell pellets involved a RT step using SuperScript III (Life Technologies Ltd.) and random primers (Promega), followed by quantitative PCR (qPCR) using the SensiFAST SYBR Lo-ROX Kit (Bioline Reagents Ltd., London, UK) on a Mx3005P real-time PCR system (Stratagene, La Jolla, CA, USA). Equine-specific primer sequences for CYP11A1, CYP19A1, PTGS2, LHCGR, PTEN, RASA1, BTG2, MECP2, SMAD4, and 18S (Table 1) that span in each case two different exons within the corresponding genomic sequence were used, and the absence of genomic DNA amplification was confirmed by including a reverse transcriptase negative control. The abundance of each target mRNA was calculated with Mx3000P real-time PCR system analysis software, using the cycle threshold (Ct) for each sample relative to Ct values obtained from a standard curve constructed from serial dilutions of a pool of equine granulosa cells to which an arbitrary mRNA copy number was assigned.
The resulting values for each sample were divided by the corresponding value for 18S.
Quantification of miRNA levels in granulosa cells and follicular fluid samples was performed using miScript II RT and miScript SYBR Green PCR kits (Qiagen), using commercial primers complementary to equine miRNA and U6B small nuclear RNA sequences and to cel-mir-39. The abundance of each miRNA was calculated from each Ct value relative to Ct values obtained from standard curves constructed from serial dilutions of pools of granulosa cells or follicular fluid samples to which an arbitrary miRNA copy number was assigned, and the corresponding U6B or cel-miR-39 values were used to normalize miRNA expression in granulosa cells and follicular fluid samples respectively. Samples with Ct values O35 were not used for analyses.
Statistical analyses
Outlier values were identified from data sets using Dixon's test (P!0.05) and removed before analyses. Analyses were done using SigmaStat (version 4.0). Data sets were tested for normality and homogeneity of variance and were logtransformed if necessary. Data were then subjected to oneway ANOVA. If the overall analysis revealed significant differences, then individual means were compared using Tukey's test. Data sets involving only two groups (Experiment 2) were analyzed using unpaired t-tests. By definition, P!0.05 indicated statistical significance whereas mean differences involving P values between 0.05 and 0.1 were classified as tending to be significant. All results are shown as meanGS.E.M.
Results
Experiment 1
Follicular fluid was collected from dominant (DO) and largest subordinate (S) follicles of an ovulatory wave from each of six mares. An actively growing dominant anovulatory (DA) follicle was detected in five of the six mares during mid-cycle and was also aspirated. As expected, at the time of aspiration, DO follicles were larger than S follicles (34.1G0.5 vs 25.3G0.7 mm respectively; P!0.001) and of similar (PZ0.22) size to DA follicles (32.7G1.8 mm). In addition, net growth during 24 h before aspiration was smaller (PZ0.005) for S follicles (0.2G0.8 mm) than for DO follicles (3.2G0.5 mm) but similar (PZ0.15) between DO and DA follicles (2.2G0.8 mm). Only a few of the granulosa cell pellets collected from S and DA follicles provided RNA of sufficient quality for qPCR and therefore they were not used for analyses.
Follicular fluid steroid and IGF1 levels
The levels of selected markers of follicle maturation (progesterone, estradiol and IGF1) (Donadeu & Ginther 2002b) were first determined in follicular fluid (Fig. 1) . Relative to DO follicles, follicular fluid levels of progesterone were lower in S follicles (P!0.01) and tended to be lower (PZ0.06) in DA follicles, whereas estradiol levels were lower (P!0.01) in S follicles than in either DO or DA follicles. Mean levels of IGF1 were O40-fold lower (P!0.01) both of S and DA follicles than in DO follicles.
miRNA levels in follicular fluid
Changes in the levels of miRNAs putatively involved in follicular cell survival (miR-21 and miR-23a), proliferation (miR-145, miR-503, and miR-224), estradiol production (miR-224, miR-383, and miR-378), and terminal differentiation (miR-132 and miR-212) were determined in follicular fluid (Fig. 2) . Mean levels of miR-145 and miR-378 were threefold to sevenfold higher in S follicles than in the other two follicle categories (P%0.01), and there was a tendency (PZ0.06) for higher mean levels of miR-132 in S follicles than in DO or DA follicles. However, there were no significant differences between follicle groups in the levels of miR-21, miR-23a, miR-503, and miR-212. miR-224 and miR-383 could not be accurately measured due to low abundance (CtO35) in most of the follicle samples analyzed. Similarly, levels of the abundant cell small RNA transcript, U6B, were not detected in follicular fluid samples from either of the two experiments, suggesting that miRNA levels detected in follicular fluid are a product primarily of secretion by follicular cells rather than cell lysis.
Experiment 2
Once the dominant follicle of an ovulatory wave reached O32 mm, the follicle was aspirated (DO follicle) or an ovulatory dose of hCG was administered and follicle aspiration was performed 24 h later (luteinizing follicle, L). Mean diameter of DO follicles at the time of aspiration was 34.5G0.2 mm. Mean diameters of L follicles at the time of hCG injection and at the time of aspiration 24 h later were 34.2G0.5 and 36.5G0.6 mm respectively. One mare developed an ultrasonically detectable hemorrhagic anovulatory follicle (Ginther et al. 2007 ) after the first follicle aspiration and also failed to ovulate within 3 months after the second follicle aspiration. This mare was deemed to be transitioning into winter anestrus and was removed from analysis.
Steroid, PGE 2 , and mRNA responses to hCG administration Levels of different markers associated with ovulation were first determined in follicular fluid to confirm that differences between DO and L follicles were indeed attributable to the effects of hCG. As shown in Fig. 3 , progesterone levels in follicular fluid markedly increased after hCG administration, as indicated by threefold higher levels in L follicles than in DO follicles (PZ0.05), whereas a twofold decrease in mean estradiol levels in L follicles tended towards significance (PZ0.09). An increase in mean PGE 2 levels after hCG administration did not reach significance (PZ0.18).
To complement these analyses in follicular fluid, mRNA levels of steroid-and PG-synthesizing enzymes as well as LH receptor were determined in granulosa cell pellets (Fig. 4) . Two individual aspirates from DO follicles produced pellets that were either very small or had gross blood contamination and therefore could not be used for analyses. Analyses of the remaining samples revealed a dramatic decrease in the expression of CYP19A1 (PZ0.005) together with a tendency (PZ0.07) for increased PTGS2 levels after hCG administration. Consistent with these changes, LHCGR levels were reduced (PZ0.005) in L follicles. As expected, mean 18S levels were not different (PO0.2) between DO and L follicles.
miRNA expression responses to hCG administration
The levels of miRNAs examined in Experiment 1 were also determined in samples collected from DO and L follicles. Mean follicular fluid levels of miR-132 were ninefold higher (PZ0.01) in L follicles than in DO follicles, whereas mean levels of miR-21 (PZ0.09) and miR-212 (PZ0.08) tended to be higher in fluid from L follicles (Fig. 5A) . To determine whether follicular fluid levels of miRNAs reflected changes in granulosa cell expression, changes in miRNA expression were also quantified in granulosa cell pellets (Fig. 5B) . Consistent with changes in follicular fluid, the levels of miR-21, miR-132, and miR-212 were higher (6-, 18-, and 43-fold respectively; P!0.05) in granulosa cells from L follicles than in those from DO follicles. In contrast, levels of miR-503 tended to be reduced (PZ0.09) in L follicles. Although, as in Experiment 1, levels of miR-224 and miR-383 could not be detected in follicular fluid, miR-224 (but not miR-383) was detected in all granulosa cell samples and its levels were fivefold higher (PZ0.02) in L follicles than in DO follicles. Mean granulosa cell levels of U6B were similar (PO0.2) in DO and L follicles.
Putative follicular targets of miRNAs
Finally, to gain insight into the potential involvement of miRNAs in ovulation, a list of potential targets of the four miRNAs whose levels increased in L follicles, namely miR-21, miR-224, miR-132, and miR-212, were obtained from miRTarBase (release 3.5), a database of experimentally validated miRNA targets in human, mouse, and rat (Hsu et al. 2011) . Putative targets that were common to at least two miRNAs were selected; this yielded four genes, PTEN, BTG2, RASA1, and MECP2, that were simultaneous targets of miR-21 and either or both of miR-132 and miR-212 as candidates for further testing. In addition, we quantified the expression of SMAD4, an experimentally validated miR-224 target in murine granulosa cells (Yao et al. 2010) . QPCR analyses of granulosa cell pellets showed that the levels of PTEN (PZ0.004), RASA1 (PZ0.009), and SMAD4 (PZ0.03) were lower in L follicles than in DO follicles (Fig. 6 ) whereas levels of BTG2 were similar (PZ0.3) between the two groups of follicles (data not shown). We were unable to detect MECP2 transcript levels in granulosa cell samples. Functional miRNA recognizing elements (MREs) have been experimentally identified for miR-21 in the 3 0 UTRs of human PTEN and RASA1 (Lu et al. 2008 , Zhang et al. 2010 ) and for miR-224 in the murine Smad4 sequence (Yao et al. 2010) ; moreover, a comparison between orthologs revealed conservation of these target sequences in the horse (Fig. 6 ).
Discussion
Building on the findings from previous cell culture work, this is the first study, to our knowledge, to examine the association of a list of candidate functional miRNAs with a range of defined stages of follicle development in vivo. In Experiment 1, DO, S, and DA follicles were compared to establish follicular fluid miRNA levels differentially associated with follicle selection (DO vs S) and with maturation leading to ovulatory competence (DO vs DA). We hypothesized that follicle selection would be associated with changes in miRNAs putatively involved in granulosa cell survival (miR-21 and miR23a), proliferation (miR-145, miR-503, and miR-224), and/or estradiol production (miR-224, miR-383, and miR-378). Interestingly, miR-145 and miR-378 were present at significantly higher levels in fluid from subordinate follicles (S) than from healthy growing dominant follicles (DO and DA). miR-145 has antiproliferative effects in different cell types including mouse granulosa cells where this miRNA targets Acvr1 and Ccdn2 (Yan et al. 2012) . Although in Experiment 1 it was not possible to analyze the levels of these targets in granulosa cells, reported miR-145 MREs in murine Acvr1 and Ccdn2 are highly conserved across species including the horse (Targetscan, release 5.2; data not shown), further suggesting an involvement of this miRNA in follicle regression. The association between high levels of miR-378 and reduced levels of estradiol in subordinate follicles is in agreement with the demonstration that the estradiolsynthesizing enzyme, CYP19A1, is a target of miR-378 in pig granulosa cells in vitro (Xu et al. 2011) . In this context, however, a decrease in CYP19A1 levels in granulosa cells following hCG administration in Experiment 2 occurred without concomitant significant changes in miR-378 levels, an observation that does not support a role for this miRNA in regulating CYP19A1 during ovulation. Furthermore, the two reported MREs targeted by miR-378 in the porcine CYP19A1 are poorly conserved in other species (Xu et al. 2011) including the horse (data not shown). Altogether, and pending experimental validation in other species, the present results do not support a physiological involvement of miR-378 as a core regulator of estradiol production in equine follicles but raise the question of whether miR-378 regulation of CYP19A1 only occurs during specific stages of follicular development, perhaps through different MREs to those reported in the pig. Alternatively, the increase in levels of miR-378 in subordinate follicles may be related to a reported role in mediating cell death in some tissues (Knezevic et al. 2012) . In addition to miR-145 and miR-378, mean miR-132 levels tended to be elevated in subordinate follicles, an observation that will need to be confirmed in future studies. Further to its apparent involvement in ovulation (see below), miR-132 plays diverse roles in different body tissues including immune mediation and tissue remodeling (Ucar et al. 2010 , Nahid et al. 2013 , which may explain the increase in the levels of this miRNA during follicle regression.
Our finding in experiment 1 of reduced mean levels of IGF1 in DA relative to DO follicles and a tendency for progesterone levels to be lower in DA follicles is in agreement with earlier reports on deficient steroidogenesis and IGF1 production by dominant follicles during the luteal phase in mares (Goudet et al. 1999 , Bridges et al. 2002 and indicates the developmental deficiencies of DA follicles, presumably induced by reduced circulating LH levels (Schauer et al. 2011) . However, despite the differences in IGF1 and progesterone levels, follicular fluid levels of the miRNAs examined were not different between DO and DA follicles, suggesting that these miRNAs are not primarily involved in the LH-driven final maturation of dominant follicles.
In Experiment 2, we shifted our focus to the changes in follicular miRNA profiles induced by an ovulatory dose of hCG (DO vs L follicles). We used a common approach to study temporal gene responses to an ovulatory stimulus in vivo (Boerboom & Sirois 1998 , Fiedler et al. 2008 , Gilbert et al. 2011 ) by determining miRNA levels in two groups of mares before and after hCG administration. An increase in progesterone levels together with a decrease in estradiol, CYP19A1, and LHCGR in L follicles are consistent with reported changes after induction of ovulation (Boerboom & Sirois 1998 , Belin et al. 2000 . L follicles were collected 24 h after hCG administration, before the expected time of follicular rupture (Gastal et al. 2006) . The mean increase in PGE 2 levels was not significant in these follicles whereas PTGS2 levels tended to be higher than in DO follicles; these findings are consistent with the demonstration that follicular PTGS2 is significantly induced in the mare at a mean of 30 h following an ovulatory dose of hCG (Boerboom & Sirois 1998) .
Unlike S and DA follicles in Experiment 1, aspirates from DO and L follicles yielded cell pellets that were large enough and of sufficient quality for qPCR analyses, providing the opportunity to determine gene expression levels in granulosa cells. There was a good agreement in miRNA profiles between follicular fluid and granulosa cells, with marked increases in granulosa cell levels of miR-21, miR-132, and miR-212 in L follicles being reflected in increases, albeit of smaller magnitude, in the follicular fluid levels of these miRNAs. Ct values obtained for miR-224 in granulosa cells (between 30 and 35 in all cases) were, in general, higher than the values obtained for other miRNAs; this is consistent with our previous finding of a relatively low abundance of miR-224 sequences in sheep follicles (McBride et al. 2012) and may explain our inability to detect miR-224 in follicular fluid in this study. Also, consistent with the present results, we did not detect the sequence for miR-383 in sheep follicular tissues (McBride et al. 2012) . Taken together, these observations support the conclusion that the follicular granulosa cell compartment is a major contributor to miRNA levels in follicular fluid (da Silveira et al. 2012 ). An earlier study reported the upregulation of three miRNAs, miR-21, miR-132, and miR-212, in granulosa cells in response to an ovulatory dose of hCG in mice (Fiedler et al. 2008) . In that context, the present results on mares are important as they indicate a conserved involvement of this miRNA triad in mammalian ovulation. Carletti et al. (2010) showed that in mice the increase in miR-21 during ovulation acted to promote granulosa cell survival; however, they failed to identify candidate gene targets involved in this effect. In addition, the role of miR-132 and miR-212 (two miRNAs originating from a chromosome 11 cluster in the horse and with a shared seed sequence) in follicular cells is not known (Fiedler et al. 2008) . To clarify the functional involvement of these miRNAs during ovulation, we sought to identify candidate gene targets in equine follicles. Our results support the notion that PTEN and RASA1, two cell signaling regulators, are targeted by the combination of miR-21, miR-132, and miR-212 as indicated by the following: i) the expression of PTEN and RASA1 clearly decreased in equine preovulatory follicles simultaneously with an increase in the levels of miR-21, miR-132, and miR-212 in response to hCG (Figs 5 and 6) , ii) PTEN and RASA1 are bonafide targets of these three miRNAs in humans and rodents (miRTarBase, release 3.5), and iii) MREs involved in these interactions are well conserved in the horse (Fig. 6 ). In agreement with these findings, knockdown of miR-21 in mouse granulosa cells resulted in a transient increase in PTEN protein levels (Carletti et al. 2010) . A decrease in the expression of PTEN and RASA1 during ovulation is consistent with previous follicular data on cattle (Rao et al. 2011) and with the involvement of these two gene products in negative regulation of AKT and RAS, two cell signaling pathways involved in survival and proliferation/differentiation, and which activation in granulosa cells is central to LH-induced oocyte maturation, ovulation, and luteinization (Gilbert et al. 2011 , Fan et al. 2012 . In contrast to PTEN and RASA1, we did not detect any differences in transcript levels of the antiproliferative factor, BTG2, between DO and L follicles. BTG2 is a bonafide target of miR-21 and miR-132 in mouse and human cells respectively (Alvarez-Saavedra et al. 2011 . Although only limited amounts of granulosa cells could be collected from individual follicles in live mares, which precluded analyses of protein levels in these samples, we cannot exclude a potential miRNA effect on levels of BTG2 protein. Furthermore, in this study, a single time-point after hCG administration (24 h) was considered, which prevents any conclusion on whether the changes observed in putative target levels were indeed causally related to changes in miRNAs; further and more detailed examination of gene expression changes following an ovulatory stimulus, possibly involving in vitro approaches, should be performed to clarify the present results. Nonetheless, and taking into account the above caveats, the present findings expand significantly on previous results on mice by providing substantial evidence of a combined effect of the miRNA triad, miR-21, miR-132, and miR-212, in physiologically regulating follicular cell survival and differentiation during ovulation in the mare. Considering our results in Experiment 2 together with the reported role of miR-21 as a pro-survival factor in mouse preovulatory follicles (Carletti et al. 2010) , the finding in Experiment 1 that miR-21 levels were similar between subordinate and dominant follicles, rather than reduced in subordinate follicles, was not expected. This finding, however, can be interpreted in light of the different cellular roles attributed to miR-21, in addition to its best known function as an anti-apoptotic factor, including an involvement in mediating immune and fibrotic responses (Kumarswamy et al. 2011) , which reportedly play an active role in follicle atresia (Suzuki et al. 1998) .
There is little information on the effects of miR-224 in non-transformed cells of any species, and this includes a report in granulosa cells from mouse preantral follicles in which SMAD4 was identified as a bonafide target of miR-224 (Yao et al. 2010) . In this study, relative to DO follicles, L follicles had simultaneously elevated levels of miR-224 and reduced levels of SMAD4; this, together with the fact that a miR-224 MRE in the mouse SMAD Equine SMAD4 3′UTR (ENSECAT00000019128) MFE, -14.6 kcal/mol 3′ UUGCCUUGGUGAUCACUGAAC 5′
5′ UACUUGAUUUGAUGUGACUUU 3′ Figure 6 Relative mRNA levels (meanGS.E.M.) of PTEN, RASA1, and SMAD4 (normalized to 18S levels) in granulosa cell pellets collected from dominant ovulatory (DO, white bars) and luteinizing (L, black bars) follicle aspirates (nZ5 mares/group). Mean differences are indicated by *P!0.05. Putative interactions between equine 3 0 UTR sequences and miRNAs (based on experimentally validated target sites in conserved human and mouse orthologs) were produced using the RNAhybrid tool (Rehmsmeier et al. 2004) and are shown for each target. MFE, minimum free energy.
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Reproduction (2013) 146 273-282 www.reproduction-online.org 3 0 UTR is fully conserved in the horse (Fig. 6) , supports an effect of miR-224 in suppressing SMAD4 during ovulation. Interestingly, the demonstration that an ovarian deficiency in SMAD4 is associated with premature luteinization in mice (Pangas et al. 2006) raises the possibility of a novel physiological role of miR-224 in terminal differentiation of follicular cells, a hypothesis that will need further testing.
Finally, a tendency for a decrease in granulosa cell levels of miR-503 following administration of an ovulatory dose of hCG in this study is in line with previous results from mice (Lei et al. 2010 ) and sheep (McBride et al. 2012) and with data indicating that miR-503 can regulate the expression of different genes associated with proliferation and differentiation in granulosa cells (Lei et al. 2010) .
In summary, building on data from previous in vitro studies, this study in mares examined the physiological association of a subset of candidate miRNAs with different stages of follicle development representing selection, maturation, and ovulation. The results show a differential increase in the levels of miR-145, miR-378, and miR-132 in the follicular fluid of subordinate follicles relative to dominant follicles and an increase in follicular levels of miR-21, miR-132, miR-212, and miR-224 following administration of an ovulatory dose of hCG. Furthermore, we provide novel evidence suggesting an involvement of these miRNAs in regulating cell survival and differentiation through targeting of PTEN, RASA1, and SMAD4 during ovulation. In addition, the present results indicate that follicular fluid may be useful in monitoring follicular cell levels of miRNAs.
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